Hand movements are controlled by neuronal networks in primary motor cortex (M1). The organising principle in M1 does not follow an anatomical body map, but rather a distributed representational structure in which motor primitives are combined to produce motor outputs. Both electrophysiological recordings in primates and human imaging data suggest that M1 encodes kinematic features of movements, such as joint position and velocity. However, M1 exhibits well-documented sensory responses to cutaneous and proprioceptive stimuli, raising questions regarding the origins of kinematic motor representations: are they relevant in top-down motor control, or are they an epiphenomenon of bottom-up sensory feedback during movement? Moreover, to what extent is information related to muscle activity encoded in motor cortex? Here we provide evidence for spatially and temporally distinct encoding of kinematic and muscle information in human M1 during the production of a wide variety of naturalistic hand movements. Using a powerful combination of high-field fMRI and MEG, a spatial and temporal multivariate representational similarity analysis revealed encoding of kinematic information from data glove recordings in more caudal regions of M1, over 200ms before movement onset. In contrast, patterns of muscle activity from EMG were encoded in more rostral motor regions later in the cycle of movement. Our spatial and temporal analysis provide compelling evidence that top-down control of dexterous movement engages kinematic representations in caudal regions of M1 prior to movement production; an area with direct cortico-motorneuronal connections. Muscle information encoded more rostrally in M1 was engaged later, suggestive of involvement in bottom-up signalling.
Main text
Mounting evidence supports the encoding of movements in M1 based on kinematics and synergistic muscle activation, rather than the anatomy of the peripheral musculature 1, 2 . Measurements from individual M1 neurons in non-human primates reveal the encoding of multiple kinematic features, such as speed, direction, and position in the same cells in a time-varying manner 3 .
The same neuronal populations have been shown to encode instantaneous features during motor execution, as well as the target kinematic end point and upcoming movement trajectory 4, 5, 6, 7 .
In the human brain, evidence of neuronal tuning to multiple kinematic features has been reported during the production of intended movements from M1 microelectrode recordings made in tetraplegic patients 8 . The encoding of kinematic features of hand movements in M1 has also been supported by human imaging studies 9, 10, 11 . Patterns of fMRI activity in sensorimotor cortex have been shown to mirror the relative differences in the final joint configuration across a range of prehensile movements 12 . Similarly, the representational structure of fMRI activity in M1 during finger flexion is consistent with patterns of finger co-use during naturalistic hand movements 13 . However, the functional relevance of kinematic encoding in M1 to human motor control remains a fundamental unknown. As well as their role in motor output, M1 neurons exhibit rapid and integrative responses to somatosensory signals 14, 15 . Kinematic information is inextricably linked to proprioceptive and tactile signals: specific patterns of movement are associated with specific patterns of sensory feedback. Are kinematic motor representations reported in human M1 functionally relevant in the process of top-down motor con- data show that kinematic information was encoded consistently in in of primary motor cortex across all ten participants with a peak for all ten participants in Brodmann Areas 4 and 3a; complementary MEG data revealed temporal encoding of kinematic information (blue box) around the point of movement onset in the broadband signal, further decomposition of which revealed encoding prior to movement onset (green line) in the beta frequency, around -210 to -90 ms. The muscle model (bottom row) showed peak consistent encoding in more rostral regions of Brodmann area 4 of primary motor cortex across participants, as well as postcentral regions of Brodmann areas 3b; a temporal searchlight using the muscle model revealed evidence of encoding much later in the cycle of movement around 735-795 ms after movement onset in the broadband signal; further decomposition revealed this encoding of the muscle model originated in the gamma frequency. An ethological action model in line with recent primate studies 16 was investigated and is presented in Figure S17 . Full MEG analysis are presented in Figure 3 ; green line -movement onset defined by the data glove; blue regions -significant peaks in representational similarity between MEG data and the motor model; dashed linecorrelation noise ceiling. EMG onset violin plots based on data presented in Figure S9 . Model matrices reproduced in a larger format in Figure S2 kinematic data recording). In each session participants wore a right-handed 14-channel fibre optic data glove; kinematic data were recorded throughout all sessions. Electromyography (EMG) data were acquired during MEG sessions to validate the movement onset measures calculated from the data glove.
To probe the spatial and temporal correspondence between patterns of brain activity and hand kinematics, data glove recordings were used to construct a kinematic model quantifying the similarity of the kinematic signals measured during each of the 26 movements ( Figure 1 : Top row, Figure S2 ). The kinematic model quantified the distance between the displacement measures for each movement pair across the 14 channels (Pearson correlation), subject to a Fisher Z-transformation and averaged across the 14 recording channels.
The resulting kinematic model exhibits strong split-half and inter-session consistency within participant ( Figure S1 ). A grand average of the kine- Table 2 : Outline of peak anatomical correspondence between movement models and fMRI calculated using across participant cortical heatmaps. Peak regions calculated as centre of gravity of areas of peak overlap; peaks separated by a minimum of 20mm. Vertex positions and anatomical definitions are based on HCP S1200 32k release 21 .
represented more caudally in M1, in Brodmann area 4 and 3a, while complementary MEG data suggested kinematic information is encoded prior to and immediately following movement onset in alpha and beta frequencies (Figure 3) . In other words, the relative differences in the kinematic structure of a range of different hand movements is encoded in M1 up to 210 ms before the onset of movement can be detected in the hand. In contrast, the muscle based movement model was encoded in more caudal regions of M1, including Brodmann areas 4 and 6 (Figures 1 and 3) . Temporally, the muscle model was encoded much later in the cycle of movement, starting at 735 ms after movement onset in the gamma frequency ( Figure 3 ).
These results present strong new evidence in our understanding of movement encoding in M1: suggesting that kinematic features of movements are encoded immediately prior to and around the start of movement, consistent with a role for this organisation's structure in top-down motor control, while muscle-based organisation was observed in more anterior motor cortex; this information structure was evident in patterns of brain activity at a time sug- In contrast to encoding of kinematic information in caudal M1, we observed encoding of muscle information in more rostral regions of M1 (Figure 3 ).
Lacking CM cells, rostral M1 has been associated with movement via pattern generators or motor primitives via connections to spinal interneurons. In cats, which exhibit only a rostral M1, electrical stimulation to motor cortex elicits movements restricted to very precise muscular anatomy 27 , rather than the patterns of complex movement observed in similar studies of non-human primates 16 . In addition, the inputs to rostral M1 differ from caudal M1: neurons responsive to deep muscle or joint sensory input are concentrated in rostral M1, while cutaneous sensory inputs are concentrated in caudal M1 28, 29, 30 . Our results provide functional evidence for organisational and temporal differences in the previously described rostral and caudal divisions of M1. Caudal M1, with its direct motoneuronal projections, here showed evidence of encoding movement kinematics, prior to and immediately following movement onset, during the production hand movements. Rostral M1, with its strong deep muscle/joint sensory inputs, showed evidence for the encoding of muscle-based information derived from EMG recordings, which The correspondence between the kinematic model and the information contained in the beta frequency band is consistent with the broad literature concerning the role of this oscillatory frequency in motor control. Beta oscillations are observed at rest; it is well established that beta activity is suppressed immediately prior to and during movement: movement-related beta desynchronisation (MRBD), and then rebounds following movement cessation: post-movement beta rebound (PMBR) 31 . The magnitude of the reduction in beta-band power observed prior to movement onset in motor cortex has been shown previously to relate to the degree of uncertainty in the upcoming movement 32 or action anticipation 33 . Previous comparisons of beta desychronisation made across kinematic and kinetic tasks concur: the strength of MRBD is correlated with the physical kinematic displacement of a given hand movement rather than the magnitude of muscle contraction 34 .
Similar patterns of desynchronisation are observed in alpha band activity,
where ERD in M1 corresponds to increased activation in the region 31 , with post-motion event related synchronisation in M1 35 . Here we demonstrate that there is a link between information contained in the beta frequency in M1 before movement onset and the subsequent kinematics of hand movements (Figures 1 and 3 ), suggesting that important information about the upcoming motor command may be encoded within these oscillations 34, 36 .
The post-movement peak in kinematic information encoding in the alpha band was observed early after movement onset, during a window of time in which the magnitude of ERD continues to increase after movement has begun 37 .
The observed concurrence between the muscle model and patterns of brain activity measured by MEG occurred some time after movement onset (735-795 ms, Figure 3 ). An increase in the amplitude of gamma oscillations has previously been reported during motor execution: movement-related gamma synchronisation (MRGS) 38, 39 . Increased gamma frequency power is correlated with the size of a given movement, but their strength does not persist during isometric contraction. However, increases in gamma power in M1 are not observed in passive movement conditions, suggesting that gamma activity is not directly associated with muscle activity alone, but rather muscle activity associated with limb movement in combination with the associated sensory feedback 40 . The observed pattern of muscle information encoding in the gamma frequency after movement onset in this study is therefore in keeping with known temporal patterns of MRGS in M1 during movement.
Hand kinematics have previously been investigated in the context of hu-man fMRI. Relative differences in target joint position at the end of a hand movement have been shown previously to mirror the relative differences in the fMRI signal in a broad region of sensorimotor cortex 12 . Additional work considering unidigit and multidigit flexion has demonstrated that patterns of M1 fMRI activity associated with such movements are better explained by kinematic models of digit co-use than by competing muscle-based models 13 .
In the present study we have used MEG and 7T BOLD fMRI to fundamentally extend on these findings. Specifically in the context of fMRI, high spatial resolution fMRI data enabled us to reveal a spatial dissociation in muscle and kinematic information encoding in M1 along the rostro-caudal axis ( Figure 3 ). Specifically, we have been able to pinpoint a region of caudal Brodmann area 4 in which kinematic information shows significantly greater encoding than muscle information 20 . Taken alongside evidence from MEG for a temporal dissociation of kinematic and muscle information during the movement cycle, these data strongly implicate kinematic organisation structure in top-down control of hand movements.
The fMRI spatial searchlight analysis did not reveal evidence of consistent encoding of kinematic information in ipsilateral M1 across participants (Figure 2) . Previous fMRI studies provide evidence for the activation of ipsilateral M1 during the production of individual uni-digit movements 41, 42 but not multi-digit sequences of uni-digit movements 43 . The present study considered a broad array of naturalistic hand movements, engaging a wide variety of hand kinematics, involving simultaneous and/or sequential movement of different digits. It is possible that unlike sequences of uni-digit movement, these more complex movements do not drive the circuits of ipsilateral M1 as uni-digit movements do 41, 42 .
Previous studies have made direct comparisons between muscle-based models and kinematic models, arguing for the latter as an organising principle in the encoding of hand movements 13, 12 . As with previous studies, the present findings do not rule out the existence of muscle representations in M1, but rather support the existence of highly organised muscle representations structured around movement kinematics rather than muscle anatomy. The assertion perhaps explains the fractures and repetitions observed in muscle representations during the search for an M1 body map 44 .
The ethological action model reported less consistent patterns of fMRI encoding, centred on the postcentral gyrus, consistent with activation in S1
( Figure S17) . The ethological action model also did not reveal any signifi- the beta frequency with BOLD activity in the precentral gyrus 56, 57, 58, 59 , a similar gradient has been supported broadly by intracortical recordings from non-human primates 60, 61 . Here we observe a pre-movement encoding of kinematic information in the beta frequency, and a similar peak immediately after movement onset in the alpha frequency ( Figure 3) . It is therefore possible to speculate that the beta frequency encoding is more likely to represent pre-central activity in motor cortex, which would again support the conclusion that kinematic information is involved in the top-down control of dexterous movement.
In light of the inability to definitively co-localise fMRI and MEG signals, we have harnessed the respective spatial and temporal strengths of these two methods in independent analyses, rather than using the spatial information from the fMRI to directly inform the temporal analysis of the MEG, making assumptions regarding the shared spatial precision of these two methods.
In this work we apply a rich multi-modal design with multivariate analysis to provide evidence for spatial and temporal dissociations of kinematic and muscle-based information in human M1 during hand movement. Mounting evidence for the encoding of complex kinematic information in M1 from this and other work continues to blur the boundary between primary somatosensory and primary motor cortex: even M1 neurons have been shown to rapidly consolidate sensory torque information across multiple joints 15 . The notion of kinematic representation in M1 is compatible with recent evidence of the tight integration of information across the central sulcus 62 , whereby S1 encodes the current body state, while M1 encodes the kinematics necessary to achieve the intended body state. Such a system of motor control would see kinematic information encoded prior to movement onset as a prediction for the future sensory inputs expected by S1 when a movement has been achieved 63 .
